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   '3C spin-lattice relaxation times Tic of the a-methyl groups of amorphous poly(methyl methacry-
late) samples with different tacticities have been measured over a wide range of temperatures by 
cross-polarization/dipolar decoupling 13C NMR spectroscopy. The Tic minimum has been clearly 
observed fo each sample, but the temperature dependences of the Tic values, especially the temperature 
at which Tic reaches the minimum, greatly depend on the tacticities of the samples. Such characteris-
tic temperature dependences of the Tic's have been analyzed in terms of the multiple-correlation-time 
models where the three-fold rotation of the a-methyl group and the rapid fluctuation of the rotation axis 
are assumed to describe the motion of the C-H internuclear vector. 
    KEY WORDS: High-Resolution 13C NMR/ a-Methyl Group Rotation/ Multi-
                  ple-Correlation-Time Model/ Poly(methyl methacrylate)/ Tac-
                 ticity/ 
                        INTRODUCTION 
   One decade ago Schaefer and Stejskall) observed the first high-resolution solid-
state 13C NMR spectra of solid polymers. They combined three sophisticated techni-
ques of 13C-1H dipolar decoupling (DD), magic-angle sample spinning (MAS), and the 
1H-13C cross-polarization (CP), and therefore the operation of the solid-state NMR is 
considerably more complicated compared to that used to obtain the conventional NMR 
spectra in liquids. However, since this method, frequently termed the CP/MAS 13C 
NMR spectroscopy, is very sensitive to the local molecular conformation and dynamics 
of polymers, it has become one of standard methods to characterize the structure and 
molecular motions of solid polymers. 
   We have investigated the phase structure and molecular mobility of crystalline 
solid polymers such as polyethylene,2_4) polypropylene,5) poly(vinyl alcohol),6• 7) 
polyethers,8) cellulose,9-11) and amylose12) by CP/MAS 13C NMR spectroscopy with 
particular emphasis laid on the separate characterization of the contributions from the 
crystalline and noncrystalline regions. For example, we have found for different 
polyethylene samples that the crystalline-amorphous interphase, which is defined as a 
transition region between the crystalline and amorphous regions, can be detected from 
the differences in 13C spin-spin relaxation times T2 as well as 13C chemical shifts 2-4) 
The exact separation of the contributions of the crystalline and noncrystalline compo-
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nents to the NMR signal has also provided new information about the crystal structure 
of native cellulose. We have pointed out that the CP/MAS 13C NMR spectra of the 
crystalline components of native cellulose can be approximately classified into two 
types, cotton-ramie and bacterial-valonia types.9-11) This analysis is consistent with 
the existence of two allomorphs for the crystal structure (cellulose I) of native cellulose, 
in good accord with the previous proposal of VanderHart and Atalla.12,13) 
    The detailed analysis of the molecular motions of polymers have been performed 
mainly for the rubbery components forming part of the isothermally crystallized 
polyethylene14,16) and polyesters") by the conventional 13C NMR spectroscopy. The 
reason for the choice of this technique is that the 13C spin relaxation parameters, such 
as spin-lattice relaxation time T1, T2, and nuclear Overhauser enhancement NOE, are 
very sensitive to the backbone motion in the rubbery state where the correlation time is 
of the order 10-12-10-5s. We have prepared a model where a random fluctuation of 
the C-H internuclear vector is caused by several superposed motions with different 
correlation times. Such a multiple-correlation-time model gives a good agreement with 
the experimental relaxation when the main chain motion is described in terms of 3-4 
types of motion.14,16) 
   In this paper a multiple-correlation-time model has been applied to the analysis of 
the molecular motion of the a-methyl group in a number of poly(methyl methacrylate) 
(PMMA) samples with different tacticities in the glassy state. Since the characteriza-
tion of methyl group rotation is a fundamental problem in molecular dynamics, a large 
body of data has already been collected using dielectric and dynamic mechanical 
relaxation,l7'18) pulsed and broad-line 1H NMR,19,2o) 13C NMR in solution21,22) and in 
solids,23-25) and inelastic and quasielastic neutron scattering.26-28) However, the 
mechanism of rotation of the a-methyl group has not yet been understood completely. 
Our first report of the detection of the Tic minimum for poly(methyl methacrylate)s has 
been published elsewhere.29) 
                MULTIPLE-CORRELATION-TIME MODEL 
13C spin-lattice relaxation time Tic for the 13C-1H two spin system may be 
expressed as follows: 
1/ Tic =[7c27H2ti2/16r6][Jo( cox— coc)+18J1( cud +9J2(WH+WO](1) 
assuming the magnetic dipole-dipole interaction between the two spins as a main cause 
of the relaxation. Here, yc and yH are the nuclear gyromagnetic ratios of the 13C and 
1H nuclei, respectively, A is the reduced Planck constant (= h/27r), r is the distance 
between the nuclei, and WC and coil are the 13C and 1H resonance frequencies. In this 
equation Jq(co) are the spectral density functions, which are defined as the Fourier 
intensities of the correlation functions of the orientation functions F, at frequency co: 
             Jq(co)=f<F*(t+ r)Fq(t)> exp (-iwr)dr 
  ,J(2) 
with q=0, 1, and 2. 
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    Here 1, m, and n are the direction cosines of the C-H internuclear vector with respect to 
    the x, y, and z axes in the laboratory frame, respectively, the z axis being parallel to the 
    direction of the static magnetic field. Since the C-H internuclear vector fluctuates due 
    to the thermal motion of the system, FF(t) are time dependent via the temporal 
    fluctuations of 4 m, and n. 
       Many models describing thermal fluctuation of the direction cosines have already 
    been proposed and the equations governing the spectral densities have been derived 
    using these models. In the multiple-correlation-time models the thermal motion of the 
    C-H internuclear vector is described in terms of the superposition of several indepen-
    dent random motions. Let S1, S2,•.., Sp_1 be the rectangular coordinates which are set 
    in the respective moving units. Then, denote by S1 the coordinate system to describe 
    the most inner motion of the C-H internuclear vector and by Sp the laboratory frame. 
    The direction cosines 4 m, and n in the laboratory frame are then related to the 
    direction cosines 1, m1, and n1 of the C-H vector in coordinate S1 by the following 
relationship : 
        (1111                    \n)Tp...q's7'2~n1flI(4) 
    where T, are the matrices of the orthogonal transformation from frame S.,_1tofra e SI: 
T,=(cos 951 cos Bi cos c,—sin cb, sin cb                sin 95, cos O.,cos cb.,+cos 0, sin 0; 
                      —sin 83 cos cbi 
-cos 0, cos e, sin cb —sin c, cos 0, cos cb,; sin B; —sin 95; cos B; sin cb,+cos 95,;cos cb; sin tbi sin G;) (5) 
                            sin B, sin cbcos 01 
    Here, 0, , B, , and c, are the Euler angles which describe coordinate S,_, in coordinate 
Si. Therefore the thermal fluctuation of the C-H internuclear vector can be expressed 
    in terms of the time fluctuations of the Euler angles in each frame in the multiple-
    correlation-time models. 
       We have already derived the exact equations for the spectral densities for the case 
p=330) first proposed by Howarth.31) As shown in Figure 1, in this model the C-H 
    internuclear vector undergoes the diffusional rotation about the z1 axis in frame Si and 
    the z1 axis librates within a cone whose axis is parallel to the z2 axis in frame S2. 
    Furthermore, the z2 axis undergoes the isotropic random reorientation in the laboratory 
    frame. This model turned out to be very useful for analyzing the characteristic 
    temperature dependences of 13C Ti., T2, and NOE for noncrystalline chains included in 
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        Fig. 1. A schematic diagram of the multiple-correlation-time model corresponding 
              to the case of p=3. 
polyethylene''") and polyesters') isothermally crystallized from the melt or from a 
dilute solution. 
   The diffusional rotation about the z1 axis, which was described above, is not a 
plausible model for the a-CH3 rotation in PMMA. Therefore, we assume that the 
three-fold jump rotation of the C-H internuclear vector occurs about the z1 axis in frame 
S1. The rapid fluctuation of the rotation axis (the z1 axis) occurring in frame S2 may be 
described by the librational motion used in the previous model,30) if the correlation time 
and the amplitude of the motion are appropriately adjusted to the values in the glassy 
state. 
   In the previous paper30) the spectral densities were derived for a special case but 
more general derivation is presented here. For models where three different super-
posed motions are assumed, Eq. (4) reduces to 
                        111 
          (m)=T3T2(ml)(6) 
                                        1 with 
                          11 = cos 01 sin 191 
             m1 = sin 01 sin 01(7) 
nl =cos 0. 
If we assume random motions about the z, axis in fames Si, angles 0= are set to zero in 
Eq. (5). Then, the orientation functions FQ given by Eq. (3) can be expressed in terms 
of the sum of the products of three functions f, g, and h, which are the functions of 0 
and 01, 02 and 02, and 03 and 03, respectively, as follows 
( 320
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                        Fg(t)=jjkk--~1f(q).(t)g(q)jk(t)h(4)jk(t)(8) 
     The explicit forms of functions  f(q);k(t), g(q)jk(t), and h(q)jk(t) were given for each q in 
     Table I of Ref. 30. Although those functions were derived for a particular case at that 
     time, they are applicable to somewhat more general cases being considered here. 
     Thus, the correlation functions of Fq(t) are expressed by 
<Fq*(t+ T)FF(t)> 
                 =<[kf(q)jk*(t+r)g(q)jk*(t+ r)h(q)jk*(t+ r)]
7 
                   \L
X{Z f(q)Zm(t)g(q)1m(t) h(q)lm(t)]> 
                   = 4f(q)jk*(t+ r)f(g)am(t)> <g(q)jk*(t+ r)g(q)am(t)> 
j,k tm 
X <h(v) jk*(t+ r) h(q) am(t)>•(9) 
     Here, the last equation in Eq. (9) is obtained by assuming the motions to be independent 
     of each other. Moreover, as already mentioned, each motion is a random motion about 
     the z, axis, leading to the equal probabilities for ~1, 952, and 03 in the ranges of 
0501527r, 05O252Jr, and 0503527r. Since most of functions f(q)jk, g(q)jk, and h(q)jk 
      contain terms e'0', e—`cb', e2ick or e-21°' as a coefficient,30) some elements of the correlation 
     functions will become zero: 
f(g)jk*(t+T)f(q)1„,(t)>=0 if j# 1 and k#m 
                                         except for j= 1=5
<g(g)jk*(t+T)g(1)am(t)>=0 if j#1 and k#m 
                                            except for j=1=5
     Therefore, the products of these two elements become zero for j= 1 and k# m. In this 
     case Eq. (9) reduces to 
<Fq*(t+ r)Fq(t)>
/                   =4/(q)jk*(t+r)f(q)jk(t)\<g(q)jk*(t+r)g(q)jk(t)> 
    j,k~
\                                  X <11(q) jk*(t+ r) h(q)jk(t)>(10) 
     This equation indicates that the overall correlation functions can be described as the 
     sum of the products of the self-correlation functions for the respective motions without 
     considering the cross terms appearing in Eq. (9). Therefore, we can simply make 
     further calculation by using particular models to describe the motions for the respective 
      moving units. 
         If we assume that the z2 axis undergoes a spherical random reorientation in the 
     laboratory frame, self-correlation functions of h(q)jk(t) may be expressed by an exponen-
     tial decay as 
                   /h(q)jk*(t+T)h(q)jk(t)>=<I h(q)jk(t) 12>e—I zl/11(11) 
     where rl is the correlationtime for the isotropicmotion and <I h(q) jk(t) 12> is deter-
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mined to be 2/15 for all q's using the equations listed in Table I of Ref. 30. 
Then Eq. (10) reduces to 
<Fq*(t+ r)Fq(t)> 
= (2/15)e I TI/T'I[<f(q);k*(t+ r)f(q).fie(t)> 
X /<g(q))k*(t+ r)g(q),k(t)>j(12) 
where <f(q)jk*(t+r)f(q),k(t)> are the same for all k values as indicated in the previous 
publication.30) 
   We assume a three-fold rotation, which corresponds to the rotation of the a-CH3 
group about the C-C bond, as a model for the motion in frame S1. Following 
Woessner,32) we consider random jumps between three equailibrium positions 00', cb0'± 
120° to either of the two adjacent positions at an average rate of (3rR)-1. Straightfor-
ward calculations yeild 
<f(°)Jk*(t+r)f(°)ik(t)>=(3/4)CRe—ITI/TR for j=1, 2 
=3BRe—ITIITR for j=3, 4 
               =ARfor j=5 
~f(I),k*(t+r).f(1)ik(t)>=(1/12)CRe—ITI/VR for j= 1, 2 
(1/12)BRe— I TI/TR for j=3, 4 (13) 
               =ARfor j=5 
f(2)ik*(t+r).f(2)ik(t)>=(1/12)CRe—I '1 /" for j=1, 2 
=(1/12)BRe— I TI/TR for j=3, 4 
               =ARfor j=5 
where 
AR=(1/4)(3 cos 28R-1)2 
BR=3 sin 2O cos 2O(14) 
CR=(3/4) sin 20R 
and OR is the supplementary angle of the bond angle of C-C-H associated with the 
a-CH3 group, corresponding to the angle 01. 
   As the motion of frame S1 in frame S2, the rapid fluctuation of the z1 axis is 
assumed about the z2 axis, which corresponds to the random fluctuation of the rotation 
axis of the a-CH3 group. Although this motion may differ in amplitude and frequency 
from the librational motion introduced in the previous work,30) the same equations can 
be used to describe the rapid fluctuation. Then the correlation functions for this 
motion are given by 
z<g(0)jk*(t+ r)g(0)jk(t)>=4 [CF+(1— CF)e— I 'I/"] for j= 1, 2 
BF+(1—BF)e—ITI/TFfor j=3, 4 
=6 [AF +(1—AF)e— I =I"TF] for j=5 
E<g(I)ik*(t+r)g(1),k(t)>=6 [CF +(1—CF)e—IrI/TF] for 1=1, 2 k =6[BF+(1—BF)e—ITIiTF]for j=3, 4 (15) 
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                        \\=AF+(1—AF)e— I TI"TF for j-5 
     k<g(2)lk*(t+ r)g(2),k(t)/=24  [CF  +(1—CF)e— I T /TF] for j=1, 2 
=6 [BF +(1—BF)e—ITI/TF]for j=3, 4 
=4 [AF +(1—AF)e— I TI"TF]for j=5 
where 
AF= COS 2BF(1+cos 0F)2/4 
BF=sin2OF(1+cos OF)2/6(16) 
CF=(cos OF+-2)2(cos OF-1)2/24 
and OF is the half of the vertical angle for a cone within which the rotation axis 
fluctuates at a rapid rate. Then the overall correlation functions are given by substitut-
ing Eqs. (13) and (15) in Eq. (12) as 
<Fq*(t+ T)F,(t)>= Kq[ARAFe — I TI /T'+AR(1—AF)e— I r1/ DF, 
+(BRBF+ CRCF) e—ITI/TRr+; BR(1—BF)+CR(1—CF) } e—ITI/TRFI](17) 
with 
Ko=4/5 
                             K1=2/15 
          K2=8/15(18) 
and 
                             TFI—1=TF1+TJ 1 
            TRI 1 =TR-1+r7 1(19) 
                          TRFI1=TR-1+TF1+Ti—1
According to Eq. (2), the Fourier transformation of the correlation functions yields the 
following form of the spectral densities 
q(o Kq[ARAFJI (CO +(AR(1—AF)JFI((0)+(BRBF+CRCF)JRI(0))+ 
77 BR(1— F) + CR(1— BF) [JRFI(W)J(20) 
with 
J,(0))=2T,/(1+GJ r,2), i= I, RI, FI, RFI 
Although Eq. (20) is considerably complicated, it can be simplified when the correlation 
times for the respective motions significantly differ in order of magnitude from each 
other. For the motions of the a-CH3 groups we can assume TT> TR> TF in the glassy 
state. Under such a condition Eq. (20) reduces to 
J,(co)= KjAil 2TF/(1+co2TF) f+A2,2r(+TR2)f+A3,2r1/(1+wzr12)~](21) 
with 
Al = BRBF + CRCF 
A2=AR(1—AF)+ BR(1— BF)+ CR(1— CF) 
A3= ARAF 
( 323 )
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As clearly seen from Eq. (21), contributions from the respective motions are described 
in terms of different Lorentzian functions. This results in Eq. (20) becoming model-
free if coefficients A,, A2, and A3 are assumed to be adjustable parameters for the 
analysis of spin parameters. In this paper, we refer to such a procedure as the 
model-free analysis. On the other hand, the application of the exact model is referred 
to as the model-dependent analysis hereafter. 
                        EXPERIMENTAL 
Samples. Three PMMA samples with different tacticities were used. Table I shows 
their triad tacticities, which were determined by the conventional 1NMR spectroscopy 
in solution, together with the abbreviation used to describe the samples. The molecu-
lar weights of the samples were estimated to be more than 500,000 by GPC. Each 
sample was hot-pressed at about 200°C under 138 MPa pressure into thin films and 
quenched in iced water. 
       Table I. Triad Tacticities of the Different Poly(methyl methacrylate)s 
  Samplerrmrmm 
   s-PMMA0.7250.2260.049 
   si-PMMA0.4950.1570.348 
  i-PMMA001.0 
13C NMR measurements. 13C NMR measurements were performed on a JEOL JNM-
FX200 spectrometer equipped with a CP/VT high-power probe or a CP/MAS probe 
for room temperature measurements under a static magnetic field of 4.7 T. A modified 
inversion-recovery pulse sequence shown in Figure 2 was used for the Tlc measure-
ments. The x/2 pulse widths of 'FT 13C radio-frequency fields were 3.6 and 3 ,as, 
respectively, while the '14 decoupling field yB1/2,r was reduced to 59 kHz. 
During the time interval r introduced to leave 13C magnetization to relax after the '3C 
pulse, which was generally set to 10-260 ms, a 1H ,r/2 pulse train separated by 5 ms 
was used to saturate '1-1 magnetization. The delay time PD after the acquisition of a 







             Fig. 2. Modified inversion-recovery pulse sequence used in this work. 
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Since other carbons have significantly longer  Tic values than the a-methyl carbon, the 
contributions from their resonances were successfully suppressed by setting such a 
short PD. The chemical shifts relative to tetramethylsilane (Me4Si) were determined 
by using as an external reference the methyl line at 17.26 ppm of solid hexamethylben-
zene for a CP/MAS 13C NMR spectrum and the line at 128.5 ppm of liquid benzene for 
a CP/DD powder spectrum, respectively. 
                    RESULTS AND DISCUSSION 
   Figure 3 shows 50 MHz CP/MAS 13C NMR spectrum and CP/DD 13C powder 
spectrum measured without MAS for i-PMMA at room temperature. The assignments 
of the resonance lines of the CP/MAS spectrum were made as shown in Figure 3, 
whereas in the CP/DD spectrum only Iines of carbonyI carbons and a-methyl carbons 
could be unambiguously assigned. As seen in Figure 3(b), the contributions from other 
carbons severely overlap with the resonance line of the a-methyl carbon. However, by 
setting the delay time PD= 1-2 s in the modified inversion recovery pulse sequence, we 
could suppress the overlap of other lines for Tic measurements of the a-methyl carbons 
(cf. Figure 1 in our previous paper29)). The exponential decay curves were obtained for 
the initial stage of the conventional plots of the peak heights of the a-methyl carbons 
and the T10 values were determined from the initial slopes with an accuracy of 10-20% 
for the whole temperature range studied. 
-C-                                                       
I 
              CH3 —OCH3 
-C-CHZ-
                                   C=o
OCH3 
\C=O \ -CH, 
                    - 
/CHZ                         CP/MAS 
       ss s ( a ) 
—CH3 
CP without MAS 
03) 
            300 200 100 0 
ppm from TMS 
      Fig. 3. 50 MHz CP/MAS 13C MMR spectrum (a) and CP/DD powder spectrum (b) 
             of i-PMMA at room temperature. S indicates a spinning side band. 
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   In Figure 4 nTic values for the three PMMA samples are plotted against the 
reciprocal temperature(1/ T), with the number n of protons chemically bonded to a 
carbon in question. In each case a marked but broad minimum can be observed; the 
fashion how the minimum appears significantly depends on the sample tacticity. For 
example, the Tic value at the minimum increases with increasing isotactic content and 
the temperature giving the minimum is concomitantly shifted to a lower temperature. 
Such characteristic temperature dependences of the Tic's, especially the extraordinarily 
high values of Tic's at the minima, could not be interpreted in terms of the single-
correlation-time model neither by introducing a box-type or log-%2 distribution of the 
correlation times. 
Model-Free Analysis 
   The solid curves in Figure 4 are the theoretical results obtained by the model-free 
analysis. Here we assume that the correlation time TR changes with temperature 
according to the Arrhenius equation, TR= TRO exp (dER/RT), while TR is independent 
of temperature. Moreover, the contribution of the isotropic motion (Eq. (21)) is 
neglected because this motion is likely to be highly hindered in the glassy state. As 
clearly seen in Figure 4, the calculated curves fit well the experimental data points for 
these three samples. The temperature dependences of rF and TR, which were obtained 
by this analysis, are shown in the upper half of Figure 4. The activation energy dER 
                300 250 200 
                                                           si 
  10-g 
                                      Rotation 
  010t0- 
                                                                                - Rapid Fluctuation 
1012---------------------------------------------------------------- 
1.0 
                                                                • 
          U1 i                      0 •  
• . . i-PMMA O • ° 
• •••A^• 




                    0.1 — theoretical - 
I 1I  
     3 45 6 
103T-1/ K-1 
      Fig. 4. nT1c vs. 1/ T for different PMMA samples and results of the model-free 
               analysis. 
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          Table II. Optimal Parameters Obtained by the Model-Free Analysis. 




  a rR=rRoexp(dE/RT). 
for the three-fold rotation of the a-methyl group and coefficients Al and A2 in Eq. (21) 
are tabulated in Table II. According to this analysis, the activation energy of the 
a-methyl rotation is one of the most important factors determining the difference in 
temperature dependences of the Tic's, because the rapid fluctuation has the same 
correlation time of 10-12s for these samples. The other factors closely associated with 
the Tic results are Al and A2 shown in Table II, although in the model-free analysis 
these coefficients are adjustable parameters only used in the least-square method by a 
computer. The apparent cause for the differences in Al and A2 may be the difference 
in relative contributions of the methyl rotation and the rapid fluctuation to the 
relaxation but these parameters do not depend explicitly on the tacticity of the samples. 
   The activation energies for the a-methyl rotation have already been determined for 
PMMA's with different tacticities by 1H NMR spectroscopy') and quasi-elastic neutron 
scattering method26'27) 23-35 kJ/mol for syndiotactic PMMA and 16-23 kJ/mol for 
isotactic PMMA, respectively. These values are considerably higher than the values 
obtained from our 13C NMR analysis, but there is the tendency that the activation 
energy increases with increasing syndiotacticity, which is common for the results 
obtained by different experimental methods. 
Model-Dependent Analysis 
   Figure 5 shows the results of the model-dependent analysis where OR and OF were 
used as adjustable parameters in the least-square method instead of Al and A2 in Eq. 
(21). The parameters obtained by this analysis are tabulated in Table III. As is 
clearly seen in Figure 5, the theoretical curves are in good accord with the observed 
values for i-PMMA and si-PMMA. Nevertheless, OR is much smaller than the com-
plementary angle for the bond angle of C-C-H for these samples. Moreover, OF seems 
to be too large as an angle for the rapid fluctuation of the rotation axis, which 
corresponds to the local motion of the C-C backbone, in the glassy state. On the other 
hand, no better fit than the case shown in Figure 6 could be obtained for s-PMMA, 
although all possible values were examined for each parameter. These problems may 
suggest that only two superposed motions, the a-methyl rotation and the rapid fluctua-
tion, are not enough to describe the temperature dependences of the Tic values of the 
a-methyl carbons. The assumption of the independency of these two motions may be 
also unreasonable in the glassy state, although it seems to be very difficult not to make 
this assumption for the analysis. Further discussion will be made after more detailed 
data are obtained for the high-resolution line of a-methyl carbons by use of a magic-
angle spinning technique at different temperatures. 
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Fig. 5. nTic vs. 1/T for different PMMA samples and results of the model-
                      dependent analysis. 
                  Table III. ParametersObtained by the Model-Dependent Analysis. 
         Sample OF/degree rF/ps OR/degree rROa/ps dEa/kJmol-1 
    i-PMMA44.4 1.0 47.2 114.75.9 
si-PMMA 63.4 30.0 47.3 4.0013.2 
s-PMMA62.5 50.0 47.0 1.2617.0 
a rR= rnoexp (4E/RT). 
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